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Using first-principles calculations, we estimated the impact of large applied electric E fields on the
structural, dielectric, and ferroelectric properties of typical ferroelectrics. At large fields, the struc-
tural parameters change significantly, decreasing the strain between the different structural phases.
This effect favours a polarization rotation model for ferroelectric switching in which the electronic
polarization rotates between the directions of tetragonal, rhombohedral and orthorhombic phases.
We estimate coercive fields Ec∼31 MV/m and ∼52 MV/m at zero temperature for bulk ferroelectric
monodomains of BaTiO3 and PbTiO3, respectively. The dielectric permittivity and tunability of
BaTiO3 are the least affected at large fields, making this material attractive for applications in
electronics and energy storage.
Understanding the behaviour of advanced oxide mate-
rials under applied finite electric field E is very important
for high performance technological applications. Many of
such tunable oxide materials are composites with var-
ious nano/microstructural characteristics designed be-
tween typical ferroelectric (FE), like BaTiO3, PbTiO3
and SrTiO3, and linear dielectric materials. In such com-
pounds, the electric field E can vary strongly at local
level, and affect the local structural, dielectric and FE
properties. Such properties as electrostriction, tunabil-
ity, dielectric loss, polarization switching are of great in-
terest and they enter into the coefficient of performance
of many devices designed for advanced technological ap-
plications. In terms of wireless communication technolo-
gies, the tunability is one of the essential characteristics
which must be well characterized and optimized at high
values in these composite ceramics. The high interest in
such oxide materials is also motivated by the more recent
finding of coexistence of ferroelectricity with the metal-
lic character of surface states in topological FE oxides,
which opens new perspectives for electronic, spintronic
and quantum technology applications.[1–4]
In this respect, we studied the structural (unit cell
volume and structural parameters), dielectric (dielectric
permittivity , and tunability), and FE (electronic polar-
ization P and polarization switching) properties of a few
typical perovskite FE’s under finite applied E using first
principles methods based on density functional theory
(DFT), which goes beyond the more common approach
based on empirical models such Landau theory [5–8] or
Johnson model.[9] Different first principles methods have
been proposed to perform calculations under finite ap-
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plied E [10–16] or electric displacement D [17, 18] fields.
The practical calculations for periodic crystalline materi-
als are more difficult to carry out than the zero field DFT
calculations because the electric potential generated by
E field is linear, non-periodic and not compatible with
the periodic boundary conditions. Moreover, the elec-
tric potential is unbounded giving rise to the Zener effect
(interband tunneling). Thus, we have used the method
developed by Vanderbilt et. al.,[14] which minimizes the
electrical enthalpy functional with respect to Bloch type
wave functions ψnk(r) = e
ikrunk(r):
F [unk;E] = UKS − ΩPE (1)
where UKS are the Kohn Sham energies routinely deter-
mined in DFT, −ΩPE is the coupling energy between
polarization P and E field, Ω is the unit cell volume, and
unk are the Bloch wave functions. The two terms from
electrical enthalpy are calculated considering the wave
function ψnk Bloch polarizable under the influence of ex-
ternal E field. This method can be employed to perform
atomic and structural relaxations in the presence of E
field for the materials of interest, and to estimate the
field-dependent properties.
Our theoretical estimations of field-induced properties
at zero absolute temperature were performed using the
GGA approximation of Wu and Cohen, GGA-WC,[19]
for the exchange and correlation energy functional as
implemented in ABINIT code,[20] and using optimized
pseudopotentials generated with OPIUM.[21] The elec-
tronic states considered as valence states are: 4s, 4p, and
5s for Sr, 5s, 5p, and 6s for Ba, 6s, 6p, and 5d for Pb, 3s,
3p, and 3d for Ti, and 2s and 2p for O. An energy cutoff of
45 hartree was used for the plane-wave expansion of the
wave functions and the Brillouin zone integrations were
performed using 14×14×14 and 14×12×12 grids of k
points for five atom cubic/tetragonal/rhombohedral, and
ten atom orthorhombic structures, respectively. The self-
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2TABLE I: Optimized a lattice constant, tetragonality c/a,
atomic displacements dz in fractions of c lattice constant, and
macroscopic spontaneous polarization Ps for tetragonal struc-
tures of BaTiO3 and PbTiO3 within GGA-WC functional.
The experimental values are also given.
BaTiO3 PbTiO3
GGA-WC Exp. GGA-WC Exp.
a(A˚) 3.973 3.986a 3.89 3.88b
c/a 1.023 1.010a 1.093 1.071b
dzTi 0.015 0.015
a 0.038 0.040c
dzO‖ -0.03 -0.023
a 0.119 0.112c
dzO⊥ -0.019 -0.014
a 0.124 0.112c
P (C/m2) 0.34 0.27d 0.97 0.5-1.0e
aRoom temperature data from Ref. [23].
bExtrapolated to 0 K data from Ref. [24].
cRoom temperature data from Ref. [25].
dRef. [26].
eRef. [27].
consistent-field calculations were considered to be con-
verged when the total energy changes were smaller than
10−12 hartree. Atomic relaxations at fixed cubic lattice
parameter for the cubic structures, and full relaxations
(atomic and cell geometry) for the tetragonal, rhombohe-
dral, and orthorhombic structures were performed until
the forces were smaller than 5×10−7 hartree/bohr.
GGA-WC describes very well the structural and FE
properties of typical ferroelectrics and does not have the
supertetragonality problem (overestimation of c/a ratio,
atomic displacements and P ) which usual GGA’s have
for the tetragonal structures.[22] The values of quantities
describing the spontaneous structural and FE properties
(for E = 0) for the tetragonal structures of BaTiO3 and
PbTiO3 are included in Table I. The overestimation of
spontaneous tetragonality c/a ratio and polarization Ps
for BaTiO3 are due to the accuracy of GGA-WC pseu-
dopotentials used in these calculations. Note that our
previous estimations of the structural and FE proper-
ties for BaTiO3 and PbTiO3 using the same GGA-WC
functional and CRYSTAL code are in a better agreement
with the experimental values.[22]
The next step was to estimate the field-dependence
of polarization P (E) and of static dielectric permittivity
s = (E) for the cubic structures of SrTiO3, BaTiO3
and PbTiO3. The cubic lattice parameter was kept
constant, but the electronic and atomic positions have
been relaxed in the presence of E field, which was ori-
ented in the crystallographic direction z. We followed
this procedure to estimate P (E) and (E), which cor-
respond to the region of transition from the cubic to
tetragonal structure in the phase vs temperature dia-
gram, where the values of (E) are maximized at the
transition zone boundary. The polarization P (E) depen-
dence on field is shown in Figure 1. In order to esti-
mate (E → 0) for small fields, we considered the depen-
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FIG. 1: (Color online) Electronic polarization P dependence
on electric E field for the bulk cubic perovskite structure of
SrTiO3, BaTiO3 and PbTiO3.
dence of P (E) on the dielectric susceptibilities including
up to the cubic terms, P (E) = χ(1)E +χ(2)E2 +χ(3)E3,
and (E) = 1 + χ(1)(E)/0, where χ
(1)(E) is the linear
term of susceptibility and 0 is the vacuum permittivity.
By fitting P (E) values for small E fields, we estimate
s(E → 0) values of: ∼270, ∼46 and ∼56 for SrTiO3,
BaTiO3 and PbTiO3, respectively. The s value of ∼270
for SrTiO3 is smaller than the value of 391 estimated
within LDA from Ref. [28]. These theoretical values of
s for SrTiO3 compare well with the room temperature
experimental value of ∼300, but they are largely under-
estimating the zero temperature experimental value of
∼20000.[29] At low temperature the antiferrodistortive
(AFD) oxygen octahedral rotations (a0a0c− in Glazer
notations [30]) are present in SrTiO3, which strongly in-
fluences the polar ferroelectric mode and s. The com-
pressive inplane strain to SrTiO3, increases these AFD
rotations and s which is comparable to the zero tem-
perature experimental value for strain corresponding to
transition zone boundary between paraelectric and FE
tetragonal structures.[28] The estimation of χ(1)(E) at a
given E field can be made by the method of finite dif-
ferences χ(1)(E) = ∆P (E)/∆E. Using this method, we
obtained the following s(E) values of ∼235, ∼46, and
∼56 at 3 MV/m for SrTiO3, BaTiO3 and PbTiO3, re-
spectively. These results show that SrTiO3 has a large
relative tunability nr = [s(E → 0) − s(E)]/s(E → 0)
of ∼ 13% at 3 MV/m, nr value that increases strongly at
transition zone boundary,[28] whereas the cubic phases
of BaTiO3 and PbTiO3 do not show any tunability.
For modeling the FE switching properties, we con-
sidered a model in which polarization rotates between
the different polarization directions of the structural
phases: tetragonal, orthorhombic, and rhombohedral,
as the strength of applied field increases in a given di-
rection (Figure 2). This approach was not often used
in literature because the Ising model is believed to be
favoured by the strain conditions to which the switching
units (histerons) are subjected. Ising model involves the
crossing of switching units through the high-symmetry
3structures (paraelectric structures) and the cancellation
of polarization, P = 0. Previous theoretical studies
for BaTiO3 showed that field-induced polarization ro-
tation can occur,[31] and is responsible for the ultra-
high electromechanical response.[12] High piezoelectric
effects and field-induced transition in BaTiO3 single-
crystals were explained by a coherent polarization ro-
tation within a Landau-based approach combined with
crystalline anisotropy and field effects.[32] Close to the
structural FE-FE transitions of BaTiO3, the polarization
rotation instability was considered as responsible for the
divergence of shear elastic compliance.[33]
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FIG. 2: (Color online) The switching model through rota-
tion of polarization P in external E field. The switching is
achieved by P rotation between the different phases: tetrago-
nal (1) and (5), rhombohedral (2) and (4), and orthorhombic
(3). E field is oriented in [0,0,1] direction (z) and P along the
directions given by structural phases.
We obtain the coercive fields Ec from the dependence
on E of total energy corresponding to electric enthalpy
given by Eq. 1 for the different structural phases (see Fig-
ure 2), which were fully relaxed (atomic and stress relax-
ations) in the presence of field. In Figure 3(a), we show
this dependence for the total energy difference dEtot of a
BaTiO3 monodomain relative to the orthorhombic struc-
ture for which E ⊥ P (Figure 2(3)). The orthorhom-
bic structure is chosen as a reference for total energy
since it is the least affected by E field as ΩPE term
is negligible. Structures with dEtot < 0, are favourable
in terms of structural stability (filled symbols in Fig-
ure 3(a)). The coercive fields Ec were estimated from the
field values at which the three structural phases (tetrago-
nal, rhombohedral and orthorhombic) are comparable in
energy (dEtot ∼ 0 meV) and P can easily rotate between
the directions corresponding to the three BaTiO3 sym-
metries. These results suggest coercive fields Ec ∼ 31
MV/m for a BaTiO3 monodomain. This Ec value agrees
very well with the field value of 30 MV/m at which the
large piezoelectric response was estimated within LDA
for BaTiO3 [12, 34] and the values of ∼20 MV/m [35]
and ∼150 MV/m [34] computed by molecular dynamics
simulations at 100 K.
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FIG. 3: (Color online) Electric field dependence of the to-
tal energy difference dEtot relative to orthorhombic structure
for the different structural phases of a bulk monodomain:
(a) BaTiO3 and (b) PbTiO3. Negative dEtot < 0 values
favourable in terms of structural stability are represented by
filled symbols. Coercive Ec fields, where all structural phases
have comparable total energies are marked by arrows. The
positive E fields are oriented along [0,0,1] direction.
For the switching mechanism of a PbTiO3 mon-
odomain, which has the polar tetragonal ground struc-
ture, we considered also the other polar orthorhombic
and rhombohedral structures as ”metastable”, similar
to those of BaTiO3. For E values ∼52 MV/m, which
are higher compared to those of BaTiO3, the total en-
ergy of the three phases are comparable (dEtot = 0, Fig-
ure 3(b)). The higher coercive field Ec ∼ 52 MV/m of
PbTiO3 is due to larger dEtot values in the absence of
field by comparison with the case of BaTiO3 (|dEtot| ∼
20 meV for PbTiO3 and |dEtot| ∼ 5 meV for BaTiO3
at E = 0). This Ec value correspond to a linear piezo-
electric response of PbTiO3 [36], being smaller than the
value of ∼270 MV/m estimated by molecular dynamics
simulations at 100 K.[37] We would also like to empha-
size that PbTiO3 has double well energy, dEdw (total
energy difference between polar tetragonal and nonpolar
cubic structures) and a much higher polarization than
those of BaTiO3 (dEdw ∼ 100 meV, P ∼ 0.98 C/m2 for
PbTiO3, and dEdw ∼ 14 meV and P ∼ 0.26 C/m2 for
BaTiO3).[22] These results show that the required energy
dEtot to be supplied externally by the electric field E to
4-0.41
-0.4
-0.39
-0.38
-0.37
-0.36
-0.35
-0.34
-0.33
-0.32
Po
la
riz
at
io
n 
 P
   
( C
/m
2  
)
Tet: P[0,0,-1]
(a)
Rho: P[-1,-1,-1]
Ort: P[-1,-1,0]
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70
Electric Field  E  ( MV/m )
-1.08
-1.04
-1
-0.96
-0.92
-0.88
-0.84
-0.8
-0.76
-0.72
-0.68
Po
la
riz
at
io
n 
 P
   
( C
/m
2  
)
Tet: P[0,0,-1]
(b)
Rho: P[-1,-1,-1]
Ort: P[-1,-1,0]
FIG. 4: (Color online) Electronic polarization P dependence
on electric E field for the different structural phases of a bulk
monodomain: (a) BaTiO3 and (b) PbTiO3. P values corre-
sponding to dEtot < 0 are represented by filled symbols. The
positive E fields are oriented along [0,0,1] direction.
a monodomain in the polarization rotation mechanism of
switching are much lower compared with the necessary
energy dEdw for the Ising model of polarization switching.
The results suggest the polarization rotation as the dom-
inant switching mechanism at high E fields compared to
the Ising model of switching. Our results are supported
by the first principles DFT calculations performed for
PbTiO3 under finite D field within LDA, which find the
polarization rotation through tetragonal, rhombohedral
and orthorhombic phases to be more favourable than the
Ising model of polarization switching that requires Ec
values of ∼250 MV/m.[17]
The structural properties are significantly affected by
the applied field (Figure 5). The unfavourable energetic
case of the tetragonal structure in which E > 0 and E is
antiparallel to P (Figure 2(1)) leads to a decrease in the
unit cell volume and ctet parameter such that the strain
relative to aort parameter of orthorhombic structure is re-
duced supporting P rotation through which ctet becomes
aort and atet becomes cort. Similarly, the favourable en-
ergetic case in which E < 0 and E is parallel with P
(Figure 2(5)) enlarges the unit cell volume and ctet pa-
rameter, enlargements which are limited by the strain
relative to aort parameter.
At high E fields (E ∼ Ec), the polarization is also sig-
FIG. 5: (Color online) Electric field dependence of the unit
cell volume and structural parameters for the different phases
of bulk: (a) BaTiO3 and (b) PbTiO3.
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FIG. 6: (Color online) Histeron for the tetragonal phase of
BaTiO3 and PbTiO3 bulk monodomains. Coercive Ec fields
are indicated by vertical lines. Polarization values correspond-
ing to dEtot < 0 are represented by filled symbols.
nificantly affected. In the tetragonal structures, P differs
by ∼ 3% for BaTiO3 at E = 31 MV/m and respectively
by ∼ 6% for PbTiO3 at E = 52 MV/m (Figure 4(a) and
(b)). Considering the field-induced polarization varia-
tions from Figure 4 and the estimated coercivity Ec val-
ues, we show in Figure 6 the histeron model for tetrago-
nal phase of BaTiO3 and PbTiO3 monodomains, which
may be further used in multiscale modeling methods re-
quired to describe the properties of complex ferroelectric
materials. Fitting P (E) values from Figure 4, we esti-
mate s(E → 0) ∼48 and ∼110, for the tetragonal phases
of BaTiO3 and PbTiO3, respectively. The finite differ-
ence method gives the following s(E) values of ∼49 and
∼104 at E = 3 MV/m for the tetragonal FE phases of
BaTiO3 and PbTiO3, respectively. These results show
an enhanced dielectric tunability for the tetragonal FE
phase of BaTiO3 and PbTiO3, comparing with that of
the cubic paraelectric phase.
5In this work, we show the role of large external fields
on the structural, dielectric and FE properties of a few
typical ferroelectric perovskites. Whenever present in
various types of material combinations (solid solutions,
composites, multilayers), the properties of ferroelectrics
are strongly affected by electric fields and this may signif-
icantly affect the device performance. We find BaTiO3 to
have comparable static dielectric permittivities in the cu-
bic and tetragonal bulk phases, which combined with the
high dielectric tunability of SrTiO3, make (BaSr)TiO3
solid solutions among the most interesting materials for
tunability applications, since they exhibit slight variation
of dielectric permittivity in a large range of temperatures.
BaTiO3 shows the smallest dielectric tunability, making
it a good candidate to be used in composites for energy
storage applications, for which large dielectric permittiv-
ity, small tunability and losses are require. The FE mon-
odomain states of BaTiO3 and PbTiO3 show high coer-
cive Ec fields of ∼30-50 MV/m. These intrinsic Ec fields
fall between intrinsic values computed by other models or
experiments considered to give intrinsic limits, since they
were determined in ultrathin films such as: 5 MV/m in
single crystal,[38] 19.5 MV/m in Devonshire theory,[39]
70 MV/m in mean field theory,[38] 25-160 MV/m in ul-
trathin polycrystalline films,[38, 40, 41] 196 MV/m in
Ginzburg - Landau theory.[42] The large electric fields
favour a FE switching model in which electronic polar-
ization rotates between the different polarization orienta-
tions of the structural phases. This model is supported by
the continuous polarization switching mechanism (Bloch
type switching), which was recently predicted to be favor-
able for bulk BaTiO3 rhombohedral phase.[43] We hope
our findings will stimulate other more complex material
studies under finite external E field needed in many prac-
tical applications.
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